Abstract. In quantum mechanics, particles in identical states are indistinguishable, giving rise to effects with no classical analog. For instance, the bosonic nature of light insures that upon interference two indistinguishable photons will coalesce into a single inseparable state. Through this coalescence, we demonstrate that photons produced from two separate quantum dots are indistinguishable. Further, we show that single photons created in a fundamentally different process -parametric down-conversion in a nonlinear crystal -can be manipulated to be indistinguishable from those from quantum dots. The quantum interference in both experiments occurs with a visibility reduced from unity because the quantum dot photons are not lifetime-limited due to the presence of pure dephasing. The measured visibility closely matches the theoretical visibility predicted for photons with the parameters of those measured here.
INTRODUCTION
The concept of indistinguishability plays a seminal role in quantum physics. First introduced as a postulate by Dirac [1] , it enables a range of effects that are prominently nonclassical. Recent progress in quantum information has created additional interest in this fundamental concept. Particularly, a scalable quantum information device needs to have many elementary blocks that hold or process quantum bits, qubits, in an identical way to take advantage of quantum algorithms such as Shor's algorithm [2] . To date, qubits have been implemented in different material systems, and it has been shown that various media are capable of handling qubits: from atoms, ions and quantum dots (QDs) to single photons. It has become clear, however, that the demands of a scalable quantum information system are too diverse to be fulfilled by any single hardware type. Therefore hybrid quantum systems are now being explored. Hybrid systems are composed of dissimilar quantum hardware components, and the whole system benefits from a combination of their individual advantages. Through the indistinguishability principle, quantum mechanics allows for hybrid systems with no loss of fidelity. While many such proposals have been made, no experimental demonstration has yet been offered, because quantum states of different nature are generally incompatible. In this work we show that dissimilar quantum systems can be engineered to produce indistinguishable quantum states.
The indistinguishability postulate was first introduced for heavy particles, and its validity for photons was not obvious for Dirac, who made a remark that "a photon only interferes with itself" [3] . This view is apparently at odds with his own indistinguishability postulate. L. Mandel pointed that out and made an experiment in which he observed an interference pattern from two independent pulsed lasers [4] . The visibility of such an interference pattern varied shot-to-shot, depending on the random phase between the two independent coherent sources. That experiment highlights the importance of a fixed phase relation between the interacting light beams for the interference to occur, which is only possible for the states with a defined phase, i.e. coherent states, that are classical states 1 [5] . Single photons on the other hand have a wavefunction with no defined phase, hence interference of single photons in a classical sense does not occur. In their seminal work, Hong et al. [6] showed that pairs of single photons interfere on a beam splitter through the process of second-order interference. While no interference fringe is created, the indistinguishable single photons that meet on a beamsplitter coalesce and leave the beamsplitter through one port. This effect leads to a reduction in the coincidence detections between the single photon detectors at the beamsplitter's two output ports, reaching zero for fully indistinguishable photons. Such interference, where two single-photon Fock states coalesce into a two-photon Fock state, has become one of the central measurements in quantum optics.
Using the coalescence property, single photon emitters, such as trapped atoms [7, 8] , ions [9] , and quantum dots (QDs) [10, 11] , have been shown to be good sources of single photons. Separate, but nominally identical sources have been shown to produce indistinguishable photons. Particularly, photons from two trapped atoms [12] and two trapped ions [9] were tested. These measurements are important, because they demonstrate the potential scalability of quantum circuits. However, in light of the indistinguishability postulate for heavy particles, because identical, indistinguishable atoms (ions) were used as sources, the photons produced must be indistinguishable. In this work, we report on indistinguishability of photons produced by two separate QDs, and photons produced by two dissimilar sources -a QD and a nonlinear crystal via parametric down-conversion (PDC). Unlike two identical emitters -single atoms or ions, QDs are comprised of hundreds of atoms that are arranged differently in different dots. We show that when the level structure of the two dots is identical by chance (or via tuning), these distinguishable QDs produce indistinguishable photons. Further, we take two dissimilar sources, whose physics of generating single photons is completely different, so the generated single photons possess no common history whatsoever, and engineer one of them (a PDC source) to match the other. We show that such a pair of sources also produces indistinguishable photons.
From a practical standpoint, QDs offer a wide range of benefits, such as large dipole moments and scalability, and are currently considered one possible type of future quantum gate. In our experiment, we connect the fields from the QD in a nonclassical way, demonstrating that scalability. In a second experiment we use a PDC source as the second source to demonstrate the first hybrid quantum system. PDC is a "de-facto" standard for quantum communications. A quantum link between two practical quantum states of 
METHODOLOGY
To assess indistinguishability of the two single photon sources, we use a Hong-OuMandel (HOM) interferometer [6] , and measure the degree of coalescence. Both sources are excited with a pulsed laser. The beam paths from the single-photon sources are adjusted to ensure spatial and temporal overlap of the single-photon states on a HOM beamsplitter. Two single-photon avalanche detectors (SPADs) monitor the outputs of the beamsplitter. A half-wave plate placed in the PDC arm can rotate the PDC photon's polarization, switching the interference on (parallel polarization) and off (orthogonal). Timestamps of detections relative to the laser pulse for all SPADs are recorded for statistical analysis. The simplified schematics of the experiment is shown in Fig. 1 . The experimental setups specific to actual experiments are discussed in detail later.
With this setup, we measure the second-order intensity cross-correlation of the output ports of the interferometer for the orthogonal and parallel polarizations of the input single-photon states, C ⊥, (∆n, τ). The event trial difference is ∆n = m − l, where l,m are the trial numbers corresponding to detections in different HOM channels. Trials are defined as successful attempts to generate single photons by the sources. A QD generates single photons (with some probability) for every pump pulse excitation, therefore for two interfering QDs every excitation pulse from the pump laser is a valid trial. Our PDC source, also pumped by a pulsed laser, generates photons in pairs, and one photon of the pair is used to herald the presence of the other. Therefore, in a QD-PDC experiment, only trials where a heralding photon is detected are considered valid. A measured detection occurs at time ∆t i, j on a detector i (1 or 2) within heralded trial j. The time difference within ∆n between two heralded detections then becomes τ = ∆t 2,m − ∆t 1,l . If the detections occur during the same trial (∆n = 0) interference effects are possible. For all other ∆n, no interference effects can occur.
To quantify the degree of indistinguishability, we define the probability of coalescence of the photons from the two sources as: [13] is the number of counts in the ∆n = 0 peak of the second-order cross-correlation function integrated over the full temporal extent of the peak. This measures the coalescence probability for the entire single photon wavepackets. At the same time, it is interesting to study the temporal dependence of coalescence. For this reason we also consider a post-selective coalescence probability,
It turns out that in our experiment P c (τ) reaches its maximum for τ = 0 and then decays. This behavior is due to a decoherence effect in our QDs. That is, the photons emitted from QDs have a coherence time that is not lifetime limited. Though the photons' temporal extent is given by the QD lifetimes, T 1 , the time delay over which they can interfere is given by their coherence times, T 2 . Thus the width of the photons are determined by T 1 , and the width of the coherence peak is determined by T 2 . If the coherence times were lifetime-limited we would have T 2 = 2T 1 and the P c (τ) would not significantly depend on τ. When T 2 < 2T 1 as in this case, P c (τ) is narrow enough to be limited by the finite measurement times of the detectors. Thus for a postselective measurement, both the time window and the detector response time must be less than T 2 [14] . To assess the influence of QD decoherence on the coalescence, we independently measure T 1 and T 2 times and use the theoretical model of decoherence discussed in [15] .
INDISTINGUISHABLITY OF PHOTONS FROM A PAIR OF QUANTUM DOTS Experimental setup
The two QD single-photon sources are in separate samples. The samples were made using molecular-beam epitaxy and contain a low density (approximately 10 µm −2 ) of strain-induced InAs QDs. One sample is a 4-λ planar distributed Bragg reflector (DBR) microcavity with 15.5 lower (10 upper) DBR pairs of GaAs and AlAs; the cavity mode is centered at λ = 920 nm. The other sample is an open cavity comprising a lower DBR (35.5 pairs) and an upper external mirror attached to an optical fiber [16] . Figure  2 (a) shows a schematic of the two QD samples and the interferometer. The open cavity sample is glued to a piezoelectric transducer (PZT) such that changing the voltage applied to the PZT strains the sample laterally and tunes the emission energy of the QDs [17] . Both samples are maintained at 8 K in a cryostat. The QDs are excited by a mode-locked Ti:sapphire laser with a wavelength of 800 nm and a repetition rate of 76.1 MHz (period = 13.14 ns). After finding a QD in the open cavity which demonstrated high-quality antibunching and a narrow linewidth, denoted QD1, we scan the DBR microcavity for a second QD, denoted QD2, whose emission energy is within the approximately 10 GHz tuning range of QD1's energy. Using a PZT, we tune the two quantum dots to match their emission wavelengths to within ≈ 0.1GHz. The emission from both QDs is coupled into optical fibers, and variable fiber wave plates ensure proper polarization matching. The light exiting the fibers is filtered by diffraction gratings and sent to interfere at a nonpolarizing beamsplitter. The light from the beamsplitter outputs is coupled into fibers and guided to a pair of SPADs with a temporal resolution of 640 ps.
We confirm the spectral overlap of the two QDs and measure their emission linewidths using a scanning Fabry-Perot cavity, monochromator, and photodetector with an overall resolution of 150 MHz. 2 From polarization-dependent measurements (not shown) we determine that the emission line from QD1 is a trion and that from QD2 is one of the fine-structure split lines of an exciton.
To measure the QD lifetimes, each QD's emission is individually sent through a monochromator to a SPAD. The resulting population decay curves are shown in Figs. 2(c) and 2(d) on a log scale. The curve for QD1 is fit to a single exponential decay, while that for QD2 is fit to a biexponential because it is a neutral exciton and we must account for spin flip transitions from dark states [18] . Both curves include the effect of the detector time resolution. The lifetimes are T (QD1) 1 = 610 ± 5 ps and T (QD2) 1 = 950 ± 5 ps; the dark state spin flip time for QD2 is 4.0 ± 0.5 ns. Note that for both QDs, T 2 < 2T 1 ; i.e., the coherence times are not lifetime limited.
The beamsplitter and SPADs can be used for a Hanbury Brown-Twiss correlation measurement [19] if we input the emission from only one of the QDs. ) show the second-order autocorrelation measurement, g (2) (∆n, τ), for each QD individually. The residual counts in the ∆n = 0 peaks are 9% and 7% of the average amount in the other peaks for QD1 and QD2, respectively. No background subtraction has been applied and the lack of coincidences shows that the light from each QD is over 90% pure single-photon emission.
Results and discussion
Figures 4(a) and 4(b) show the second-order correlation of the light exiting the two output ports of the interferometer for orthogonal and parallel polarizations, respectively, [13] . No background or dark count subtraction is performed on the data. Despite the nonnegligible differences between the QDs in coherence time, lifetime, and charge state, their photons interfere. For parallel polarizations, the height of the ∆n = 0 peak is lower than that for orthogonal polarizations, indicating that photons from the two different QDs have a nonzero coalescence probability.
An interesting feature of pulsed correlation is the reduction in coincidences in the center (τ → 0) of the ∆n = 0 peak for parallel polarizations. Figure 4 (c) shows a closeup of the peak for both relative polarizations. While the sum of coincidence counts in the ∆n = 0 peak is not influenced by the time response of the detectors, the depth of the dip is affected. The dash-dotted curve in Fig. 4(c) is the result of a simulation based on the work in Ref. [15] using the T 1 and T 2 values measured above. It shows the shape expected if the detectors were infinitely fast and the single-QD g (2) (∆n, τ) went to zero for ∆n = 0 at τ → 0. The solid curve is the same simulation including the effects of the detector response. The residual difference between the data and the solid curve is due to the remaining imperfections in the photon overlap which are not accounted for in the simulation. The dashed curve is a simulation of the orthogonal situation including the detector response. It matches the data very well because the orthogonal polarizations do not interfere, and therefore the data do not depend on the photon overlap. From the data in Fig. 4 , the probability of coalescence P c = 18.1 ± 0.4%. This value is reduced from unity mainly due to the presence of dephasing [20] . For photons from two QDs with the values of T 1 and T 2 we measure, the maximum theoretical coalescence probability is P c,max = 29%. We also see that the observed dependence of visibility on τ follows the theoretical prediction that only considers decoherence of single QDs. Therefore, we conclude that the decoherence effect in the QDs is responsible for most of the visibility loss observed in our experiment.
A postselective measurement of coalescence at τ = 0 gives P c (0) = 47 ± 6%. With infinitely fast detectors the value of P c (0) would go nearly to zero as does the dash-dotted curve in Fig. 4(c) . The postselective probability would then be P c,∞ (0) = 96±4% despite the significant counts remaining in the peak at non-zero τ. Similar sizable coalescence results for a postselective coalescence were reported for QDs in a CW excitation case, [21, 14] . The strong dependence of postselected coalescence on τ highlights that using just a post-selective value does not uncover the entire picture, because it does not include the decoherence properties of QDs.
In our experiment, we demonstrated that photons created by two separate QDs with different structure produce indistinguishable photons. We have seen that decoherence found in both QDs, and not the fact that the photons were produced by different emitters, is mainly responsible for loss coalescence.
INDISTINGUISHABLITY OF PHOTONS FROM TWO DISSIMILAR SOURCES Experimental setup
The photons from QD and PDC differ in their spectral and temporal properties by several orders of magnitude and thus the natural photonic wavepacket overlap will be minimal. The major experimental effort here is to manipulate a PDC source to match a QD source, without the loss of quantum coherence. Note that PDC photons are produced in pairs, and the detection of a heralding photon signals the presence (with a constant probability) of the single photon that will be used for a HOM experiment.
The experimental setup shown in Fig. 5(a) is similar to that seen in Fig. 2(a) , except for components that change the spectral and temporal properties of the PDC photon and an additional SPAD detector, that heralds the presence of a PDC photon. To ensure temporal synchronization, the single-photon sources are excited by the same 76 MHz pulsed laser (at 820 nm with 8 ps pulse duration). A parametric frequency doubler generates the pump for the PDC process. A periodically-poled KTP crystal generates photon pairs [22] . Detection of a photon at 740 nm heralds the presence of a photon at 918 nm. The two PDC photons are separated on a polarizing beam splitter and coupled into singlemode fibers. The spectral linewidth of the 918 nm PDC photon is 1.5 nm (∆ν ≈ 533 GHz) and is more than 500 times broader than the 918 nm QD photon (∆ν ≈ 1 GHz). To match the spectral linewidths of a PDC photon at 918 nm while maintaining high heralding efficiency, we use a tunable spectral filter with active stabilization, as well as a separate filter on the heralding photon.
The spectral properties of the PDC photon are set by the transmittance properties of our spectral filter. The Fabry-Perot cavity produces a comb of transmission peaks with FWHM of ∆ν PDC = (0.9 ± 0.1) GHz (Fig. 5(b) ), closely matching that of the QD. We also confirm that the resulting temporal pulse duration is 0.14 ns (Fig. 5 (c) ) by making a direct measurement with our detector and accounting for the detector's time resolution.
The strain-induced InAs QD is embedded in a planar distributed Bragg reflector microcavity (DBR) of alternating GaAs and AlAs layers. The spectral character of the QD is shown in Fig. 5(d) . It has a linewidth of 1.1 GHz, implying a coherence time of T 2 = 0.29 ns. Time-dependent fluorescence of the QD is shown in Fig. 5(e) , which when fit to an exponential decay and a finite detector time resolution, yields a lifetime of T 1 = 0.83 ns. Again, T 2 < 2T 1 , so the coherence time is not lifetime limited. We confirm that this QD transition consists of two fine-structure split lines that have orthogonal polarization, and thus the photon is the result of spontaneous emission decay from the ground-state optically active neutral exciton. For indistinguishability measurements, one emission line is selected by spectral and polarization filtering. The experimental setup with the PDC input blocked can be used for an auto-correlation measurement [19] of the QD photon. The second-order autocorrelation of QD photons is shown in Fig. 6 . We observe that the counts are largely suppressed for the time delay of 0, demonstrating the single-photon character of our source. The number of counts in the central, zero-delay peak integrated over the peak duration is 16.5% of the averaged integrated counts for adjacent peaks. No background subtraction has been applied to the data. This is well below the 50% that can only be achieved by a single-photon source [23] .
The two single-photon states are then sent to interfere at a 50/50 nonpolarizing beamsplitter. The detection of the heralding photon triggers a measurement of the PDC -QD HOM interference [6] .
Results and discussion
The measurement of the second-order intensity cross-correlation for this experiment is very similar to that of the QD-QD experiment, except that now we only consider heralded trials. Fig. 7 (a) illustrates a conditional cross-correlation measurement based on this heralded detection, [24] . Non-heralded trials are discarded and the remaining trials are renumbered. For example in Fig. 7(a) , one event with ∆n = 0 occurs in heralded trial 3. Also, one event with ∆n = 1 and one event with ∆n = 2 occur due to the detection at HOM 1 in heralded trial 1, and detections at HOM 2 in heralded trials 2 and 3, and other events are ignored, because they do not occur during heralded trials.
A measured C ⊥, (∆n, τ) is presented in Fig. 7(b,c) . No background correction was applied. For parallel polarizations of the inputs the height of the ∆n = 0 peak is lower than for perpendicular polarizations, indicating two-photon coalescence. Fig. 7(c) shows a close-up of the ∆n = 0 peak. For perpendicular polarization (triangles) the two single-photon sources produce fully distinguishable photons. For parallel polarization (circles), two-photon interference suppresses the peak. As before, the coalescence is most pronounced in the center of the peak and disappears towards the tails. From the experimental data presented in Fig. 7 we get P c = (16 ± 3)%. When modeling the coalescence in the same fashion as before, a theoretical maximum for coalescence, P c,max = (27 ± 3)%. Curves produced by the model are shown in Fig. 7(c) for different polarizations and for real or ideal detectors. Again, the model adequately describes the effect of the coalescence decrease with delay τ, and thus can be attributed to decoherence of a QD photon.
As we established, the best coalescence is achieved by postselecting for short delay times: τ → 0. For a post-selective probability we measure P c (0) = (42 ± 5)% limited by the temporal resolution of the detectors. For infinitely fast detectors we would have measured P c,∞ (0) = 86%, while the model predicts P c,∞,max (0) = 97%. Thus with appropriately fast detectors we could increase the coalescence by discarding detection events after the measurement (post selection) for τ greater than some threshold, τ 0 .
In this experiment, because a PDC photon's wavefunction is time-bandwidth product limited, and we matched the linewidths of PDC and QD sources, a PDC photon's T 1 is significantly shorter than that of the QD's photon. We can take advantage of the initial period after excitation where the temporal overlap is large by temporally gating either the sources or the detectors around the laser pump pulse. When accounting for our detector's temporal resolution and adding temporal filtering in the experiment with a 290 ps window -the QD coherence time, we obtain an experimental coalescence probability of P c,fraction = 61% while retaining 25% of the events. Reducing the filtering window to Fig. 7 (b) , however the PDC source is not heralded. The shape of the cross-correlation function is mainly determined by an autocorrelation of the strongest emitter, the QD (c.f. Fig. 6 ). (b) A close-up on the peak at zero time delay. The two-photon coalescence probability is reduced to 13%, c.f. Fig. 7 (c) .
140 ps -the temporal extent of the PDC photon, increases P c,fraction to 75%, while now retaining 10% of the events.
A step towards establishing entanglement between dissimilar photons
If the PDC and QD photons were truly indistinguishable, a click on either (but not both) of the HOM detectors would erase "which path" information and create potentially useful entanglement between the second PDC field and the state of the QD in a low excitation regime. [25, 26] Thus, it is important to assess the degree of indistinguishability between the two fields in the unheralded case. In Fig. 8 we see that the cross-correlation function closely follows that of the heralded case. The major difference from the heralded case is that the shape of the cross-correlation function, apart from the interference at the zero peak, is mainly determined by the autocorrelation of the QD; note the decrease in the near-zero peaks in both Fig. 6 and Fig. 8(a) . This observation is not surprising, because the probability to detect a single photon emitted by a QD is much higher than that produced by an unheralded PDC. The coalescence figures in the unheralded case are P c = (13.2 ± 0.8)% and P c (0) = 25%; they are similar but lower than those of the heralded PDC field case.
CONCLUSIONS
In conclusion, we have demonstrated a sizable coalescence between single photons from two separate and distinguishable sources. We explored the case of two sources of the similar nature (two quantum dots) and a case of two sources of dissimilar nature (a quantum dot and a parametric down-conversion source). In the former case we tuned the frequency of one QD to match the other. In the later case, we manipulated the output field of a parametric source to produce a photonic state that is compatible to that of the quantum dot. In both the experiments, we have shown that the imperfect coalescence in the present work is mostly due to the fact that the coherence times of our QDs are not lifetime-limited, rather than due to any fundamental dissimilarity of the sources. Because the effect of dephasing in quantum dots can be significantly reduced, for instance by increasing the Purcell factor of a quantum dot -microcavity system [27] , this coalescence can be improved. Another approach to increasing the coalescence is temporal gating of the single photon fields, capping the dephasing time while maintaining a significant overlap of the remaining wavepackets. The significance of this experiment is twofold. First, we demonstrated that the photons produced by separate and dissimilar sources bear no distinguishing information. The manipulation of the wavepackets -described by a traditional quantum-mechanical formalism -to match one another allows the photons to readily coalesce, manifesting their indistinguishability. Secondly, we shown, for the first time, that a hybrid quantum information device, comprised of different media to carry out quantum manipulations, is feasible.
